This paper reports a simple experimental technique developed to measure strains in fibre-reinforced plastic (FRP) tensile micro-specimens (nominal thickness: 254 mm) before and after these were exposed to a 50-50 volumetric mixture of methanol and ASTM Fuel C. Micro-specimens were used to reduce the time required for the fuel mixture to diffuse into the FRP. The developed technique is then used to study the effect of the methanolbased fuel on the tensile properties of the micro-specimens. In particular, the stress of the specimens at a strain of 1.5% is seen to be significantly lower when the specimens are tested immediately after exposure to the fuel for 3 day and 7 day periods as compared to the stress for specimens not exposed to the fuel. The loss in stress is found to be significantly recoverable when the exposed specimens are tested after allowing them to dry for an equal length of time, i.e. 3 days and 7 days. These results point to two possibilities: 1. Design of FRP structures exposed to alcohol-based fuels, e.g. underground fuel storage tanks, may have to account for noticeable mechanical property changes of the FRP during the service period, 2. Any property changes may be partially reversed by allowing the structures to dry over an appropriate period of time.
INTRODUCTION
Traditionally, steel was the material of choice for the construction of underground fuel storage tanks. However, extensive studies [1, 2, 3, 4] have shown that there is leakage after about 15 years of service. This led to the introduction of FRPs as the construction material for the tanks, as gasoline was found to have almost no effect on FRPs [1, 5, 6] . A more recent development is the use of alcohols, such as methanol and ethanol, as additives in fuel in order to improve octane values as also to reduce harmful emissions of carbon monoxide and hydrocarbons [5] . In this context, it is of interest to know how well the FRP can withstand exposure to the aggressive environment of the alcohol-based fuels. Specific issues of concern are: (i) what is the extent of the alcohol-based fuel diffusion into the FRP and is there any strength degradation of the FRP due to such diffusion? , (ii) if the strength degradation does occur, is it possible to reverse the effect by stopping the exposure to the fuel and allowing the FRP to dry? , (iii) is there any leakage of fuel into the environment? Some of these issues have been addressed by Kamody et al. [5] . In their work, Kamody et al. [5] present useful information about the flexural strength and flexural modulus of several FRPs exposed to several alcohol-based fuels under different exposure conditions. The numerical data is presented in the form of percentage changes of the properties of the exposed FRPs with respect to the properties of the unexposed FRPs. Their tests were carried out on ASTM C-581 coupons (specific nominal dimensions of the coupons were not given in the paper). As well, the ambient A.Y.L. Goh, J. K. Kariuki, A.W.Skelhorne, A. Bhattacharyya , M.T. McDermott, T.W. Forest, and G.Steadman temperature at which the experiments were conducted was 100 0 F (or 37.78 0 C). Such a temperature is usually higher than what prevails in underground fuel storage tanks, and probably was used to accelerate the tests. Chin et.al. [6] have conducted experiments on thin polyester resins after exposure to a high (13.5) pH solution whereas Prian and Barkatt [7] have studied the effect of deionised water and 3% ammonia at 80 0 C on E-glass/vinylester rods. A systematic research program to address the issues raised in questions (i)-(iii) above can be quite expensive and time-consuming primarily because diffusion is a slow process, and when thicknesses of the order of tank walls are involved (typically 7 to 12 mm), the total time taken in gathering reliable data may run into years.
In order to establish a connection between changes in mechanical properties of fibrereinforced composites with the concentration of alcohol-based fuel that may have diffused into the composites, a typical experiment may involve exposing a composite tensile test specimen to a certain alcohol-fuel mixture for a given period of time, and then testing the specimen in uniaxial tension to determine the Youngs modulus. The exposure time of the alcohol-based fuel will determine the extent of fuel diffusion, and hence its concentration in the specimen. If it would have been possible to determine the fuel concentration within the specimen, then one could attempt to correlate it to the change (if any) in Youngs modulus with respect to that of the virgin composite specimen. An added complexity is that for thick specimens, there will be a concentration gradient of fuel along the specimen thickness if exposure times are relatively short. Determination of this gradient, and the subsequent correlation to changes in Youngs modulus are even more difficult issues to deal with. Thus, as a first step, it is desirable to make the test specimen as thin as possible, so that the assumption of a uniform fuel concentration along the specimen thickness may be made. From the point of view of the time taken for diffusion experiments, thin specimens are especially convenient. Once the mechanical property-fuel concentration correlation is established for thin specimens, the correlation may be used as a tool to predict experimental data on mechanical property measurements for thicker specimens exposed to alcohol-based fuels.
An immediate question is how are the extensional strains in the micro-specimens(as depicted in Fig.1 ) going to be measured? Whatever technique is adopted should be capable of delivering an accurate measure of the strain in such small specimens and it should also be convenient enough so that the measurements may be carried out quickly and easily after the sample is soaked in fuel for a certain period of time. Conventional strain measurement techniques using strain gauges or extensometers may not be reliable as their physical size is of a similar order of magnitude as the width and thickness of the micro-specimens considered here, and thus may influence the deformation characteristics of the composite [8] . Another disadvantage is that exposure to fuel may adversely affect the strength of the bond between the strain gauge(or extensometer) and the sample. An alternative, but very expensive, approach is to use an electrooptical extensometer, which uses a non-contact optical method to track the motion of a target(or a mark) on the micro-specimen. Another approach was reported by Goertzen [9] who used a video camera-based non-contact optical system to track the motion of 75 mm graphite particles glued to the surface of a tensile soft biological tissue specimen. While this approach could have been considered here, one will have to make sure that the adhesive is insensitive when exposed to alcohol-based fuels.
This paper reports preliminary results of the uniaxial tensile response (stress-strain curve) of glass fibre reinforced resins tested before and after exposure to methanol-based fuels in an ambient temperature environment. In order to gauge the effect of the diffusion process within a short time frame, the study focussed on tensile composite specimens as thin as 254 mm (0.254 mm); the thickness is dictated by the composite sheets used. We shall refer to these specimens in the rest of the paper as micro-specimens. If specimens as thick as normal tank wall thicknesses of 7-12 mm were used, the characteristic time for saturation would be 760-2200 times larger (based on the one-dimensional diffusion equation, see Crank [10] ) than the time required for the micro-specimens. An associated issue is whether thin specimens are representative of the true composite response, and will be addressed in the future when we undertake the thick specimen studies. This study involves noncontact extensional strain measurements in composite micro-specimens that are accurate, inexpensive and not dependent on whether the micro-specimens have been exposed to alcoholbased fuels. While non-contact type extensional strain measurements are not new (see, for example, Pye [11] ), our approach involves sputter-deposition of thin aluminum strips on the micro-specimens, and the use of a non-contact optical method to track the changes in the strip dimensions with tensile loading. The topography of the aluminium strips is qualitatively studied by examining the specimen surface using scanning force microscopy (SFM) with an objective to determine whether the presence of the aluminum strips will influence the deformation characteristics of the composite. As well, SFM was used to ascertain as to whether the condition of the aluminium strips is affected by exposure to alcohol-based fuels. The paper focuses on answering, at least in part, the questions (i) and (ii) posed in the first paragraph.
The reported results are to be viewed as preliminary and part of a wider study where the influence of other parameters specimen thickness, type of alcohol, alcohol/fuel ratio, pressure and temperature will be studied.
The paper is organised in four sections. In the second section, we discuss the sample preparation and strain measurement techniques.
In the third section, we give the test procedure, results and discussions. The conclusions are given in the fourth section as well as a discussion on future work. 
THE SAMPLE PREPARATION AND STRAIN MEASUREMENT TECHNIQUES 2.1 Sample Preparation
The nominal dimensions of each micro-specimen used in the tests are given in Fig.1(a) . For completeness, the details of the sample preparation are given in Goh [12] ; here, we summarise the salient features.
The micro-specimens were prepared from composite sheets, fabricated from a resin and glass fibre sheets. The resin, ATLAC 490 (a bisphenol-A epoxy-novolac vinyl ester) was supplied by ZCL Composites Inc., Edmonton, Canada and developed by Atlas Europol with improved resistance to diffusion of alcohol-based fuels [5] . Non-woven, randomly oriented glass fibre sheets with a nominal thickness of 254 mm were used. The curing process was carried out in a preheated oven for 1 hr at 140 F, following which the mold was allowed to remain at room temperature (~20 days) for 18 hours. Tensile specimens were then cut from the composite sheets according to ASTM D638M-93 [13] , resulting in the micro-specimens shown in Fig.1(a) . The next section describes the surface analysis of the micro-specimens (especially, the aluminium strips) before and after the specimens were exposed to alcohol-based fuels.
Surface Analysis using Scanning Force Microscopy
A Kurt J. Lesker Sputter Super System II machine was used with an aluminium target for 30 min at a pressure of [ torr to sputter two aluminium strips on each composite sheet. The aluminium strips sputtered onto the composite sheets need to be thin enough compared to the thickness of the composite sheets, so that the strips do not influence the deformation characteristics of the micro-specimens. To this end, we have used scanning force microscopy (SFM) to obtain a qualitative confirmation of the relative thinness of the aluminium strips. As well, we have used SFM to study the topography of the specimen surface and any possible changes on the surface (especially, the aluminium strips) after the specimen is exposed to alcohol-based fuel.
The surface analysis was done using a Nanoscope III Multimode (Digital Instruments, Santa Barbara, California) scanning force microscope. Samples with nominal dimensions of 1 cm x 1 cm were cut from the composite sheets so as to fit on the microscope scanner. High resolution images are obtained by scanning the sample in ambient air under a sharp probe-tip in contact with the sample surface. The tip is integrated with a Si 3 Ni 4 cantilever (Digital Instruments, Nanoprobe) that deflects vertically in response to the sample topography. The cantilever is very flexible, exhibiting a spring constant of 0.06 nN/ nm (i.e. a vertical load of 0.06 nanoNewtons at the cantilever tip causes a vertical tip deflection of 1 nanometer). The cantilever deflection is detected by a laser beam reflected off the backside of the cantilever into a position sensitive photodiode detector. Because of the sharpness of the tip (radius of curvature is 10-13 nm) and the ability to detect minute cantilever deflections (0.1 nm), SFM images exhibit nanometer-scale resolution in the x, y and z directions (where the x-y plane coincides with the sample surface, and the z-axis is perpendicular to the sample surface). All images were software flattened and are shown unfiltered.
SFM imaging was performed on our test samples for two purposes. The first was to qualitatively ascertain the thickness of the aluminium strip with respect to the composite thickness. Observed features include parallel troughs running diagonally across the image. We believe these troughs are the result of the mold used to fabricate the composite sheets. In addition, a high density of pits, with diameters ranging from 50-200 nm, are observed on the surface. We have observed pits on all the composite sheets we have investigated, in some cases with diameters as large as 3 mm. From the point of view of the mechanical response of the composite specimens, we do not know whether these pits play any significant role. This has to be ascertained, and we hope to do it in the future. exposed to the fuel. Based on this qualitative study, we infer that the exposure to the fuel mixture for a week does not affect the SFMmapped topography of either the bare surface or the aluminium-covered surface of the composite sheets. In particular, since the aluminium strip seems to be unaffected by exposure to the methanol-ASTM Fuel C mixture, any experimental technique developed to measure strains in unexposed micro-specimens based on dimensional changes of the aluminium strips may also be used to measure strains on exposed tensile micro-specimens. The next section describes the procedure to measure extensional strains in the micro-specimens.
Determination of extensional strains
A schematic of the configuration to test the micro-specimens is shown in Fig.3 . The tensile tests were carried out on a Instron TTK testing machine. Custom-made steel serrated grips were used to hold the micro-specimens. A non-contact optical system (microscope mounted camera photographed images magnified 10 times by the microscope) was used to photograph the aluminium strip-covered surface of the tensile test specimen at regular intervals during the test process. The test specimens were subjected to a deformation controlled process, at an optimum rate of 0.02 in/min. Since innumerable specimens had to be tested, a major factor in selecting the rate of 0.02 in/min was the time taken to break each specimen. The average time taken for each specimen from test initiation to failure was 90 seconds. A timer was used to record the onset of testing and its progress to failure, and the camera was used to photograph the aluminium stripcovered specimen surface at intervals of 10 secs. The load on the specimen was sampled by the load cell and recorded by a digital recorder every 0.4 seconds. The photographs of the specimen surface are used later to prepare slides, which, in turn, are used to determine the extensional strains in the micro-specimens. . The stress is defined as:
where L 3 is the load on the micro-specimen when the ith photograph was taken whereas A is the original cross-sectional gauge area of the specimen. The strain, L e , is determined from the ith photograph in the following manner.
The slide corresponding to the ith photograph is projected on a screen using an overhead projector; we determined that the image on the screen was magnified 25 times that of the image in the slide (and therefore magnified 250 times the size of the actual specimen surface). An example of such an image is shown in Fig.4 . The dark surface corresponds to the resin whereas the light surface correspond to the aluminium strips. These strips have essentially been used as "markers" to help track the deformation of the bare resin surface (dark surface in Fig.4) . A pair of locationsone at the top edge of the dark surface and the other at the bottom edge -shown on the figure as A and B, are selected in such a way that these locations can also be identified on all the remaining images ( 1 L ) corresponding to the tensile test specimen under consideration. Further, the pair is chosen in such a way that the line AB is along the tensile loading direction. In this manner, we identified a minimum of three pairs of points (and up to a maximum of 5 pairs) on each photograph of a tensile test specimen. Therefore, each pair of points on the ith photograph will be denoted as M The stress-strain curves for 10 virgin micro-specimens have been shown in Fig.5 . The data points for each curve are shown, and the curve itself is obtained by joining the points using a smoothing routine in MS Excel. We determined that the major source of error in the stress was the measurement of the cross-sectional area of each specimen whereas the major source of error in the strain was the measurement of the length of ), determined from Eqs.1 and 2 give the stress-strain curve for a typical micro-specimen. The optical method of strain measurement requires data collection and analysis, the latter being somewhat tedious. Therefore while the load and deformation data were collected at 10 second intervals, the data analysis was done only at 30 second intervals, and it is this set of data that is used to get a stress-While the entire process for the determination of strains was done very carefully, sources of error Preliminary Results on the Effect of Methanol-Based Fuels on the Tensile Properties of FRP micro-Specimens may still exist. For example, the pair of points, A and B, chosen in Fig.4 should be along the tensile testing direction, but in reality, it may deviate slightly. Since the image has been magnified 250 times, the deviation has to be quite significant to introduce a noticeable error in the strain. In spite of this, we seek to verify our approach of strain measurements with a more conventional technique using strain gauges. A micro-specimen with aluminium strips was taken, and a strain gauge (EA-06-031CE-350, made by Measurements Group Inc.) was glued using an adhesive (M-Bond 200, made by Measurements Group Inc.) to the specimen within its gauge length and on the side not containing the aluminium strips, and then the tensile testing was done. The stress-strain curve that resulted from the test is shown in Fig.6 . Notice that the stressstrain curve based on the strain gauge gives a response, which is very close to that obtained by the current approach. As well, for comparison, we have also included the stress-strain curve calculated based on cross-head displacements. However, we caution readers not to interpret the stress-strain curve in Fig.6 as the inherent mechanical response of the tested microspecimen as the strain gauge may have introduced stiffening effects in the specimen response. The method of strain measurement described in this section is used to study the effects of exposure of the micro-specimens to alcohol-based fuels, described in the next section. 6WUDLQ PPPP
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&URVVKHDG &XUUHQW $SSURDFK 6WUDLQ *DXJH Fig. 6 :Stress-strain curves obtained for the same micro-specimen based on strain gauge measurements, the current approach and cross-head displacements.
THE TEST PROCEDURE, RESULTS AND DISCUSSIONS
The effect of exposure time of the FRP to fuel is expected to translate into specimens with different levels of saturation, accompanied with possible changes in tensile properties. For this simple preliminary study, we decided to focus on two exposure times that would provide two distinct levels of saturation. Motivated in part by the availability of test facilities, we chose exposure times of 3 days and 7 days. The tensile properties at these exposure times turned out to be distinctly different from each other and also from that of the virgin specimens; therefore, we focussed on a 3-day and 7-day exposure time during the rest of the study. The question as to whether a 7-day exposure time is sufficient to attain full saturation is a separate issue, and will have to be verified in future work. Further, motivated by a common industry practice of allowing the tanks to dry out after a certain number of years in service, we wanted to see what sort of recovery in the tensile properties of the FRP may result if the exposed micro-specimens are left to dry for the same period of time as the exposure time. As well, to provide a reference against which any tensile property changes may be compared, unexposed(or virgin) specimens need to be tested.
Based on the above rationale, the following tests were carried out on tensile FRP micro-specimens under an ambient temperature of 20 0 C: 1. Tests of virgin specimens, 2. Tests of specimens immediately after exposure to a 50-50 volumetric mixture of methanol and ASTM Fuel C 1 (referred hereafter as the fuel mixture) for a period of 3 days. 1 ASTM Fuel C is a mixture by weight of 50% isooctane and 50% toluene.
Tests of specimens dried in ambient conditions
for 3 days after having been exposed to the fuel mixture for 3 days. 4. Tests of specimens after exposure to the fuel mixture for a period of 7 days. 5. Tests of specimens dried in ambient conditions for 7 days after having been exposed to the fuel mixture for 7 days.
We found that the micro-specimens which are supposed to be tested immediately after fuel exposure regain their tensile property noticeably during the short period of time it took to retrieve the specimen from the fuel mixture, load onto the test frame and begin testing. We drew this inference by comparing the obtained results with those from specimens that are wetted with the fuel mixture while being loaded onto the test frame. The latter approach is probably more preferable(for Step 2 above) and therefore we allowed the fuel mixture to drop on microspecimens that are tested immediately after exposure to the fuel mixture. However, when the tensile testing began, the dripping was terminated as otherwise it hindered in the data collection.
For each of the above conditions, multiple tests were carried out. Thus, for example, the multiple tests on virgin specimens (i.e. Condition 1 listed above) resulted in stress-strain curves in Fig.5 . A representative curve was then obtained from the multiple curves of Fig.5 by averaging the stress values corresponding to a given time. An identical procedure is followed for the strain. The averaged stress and strain values is plotted and referred to as the representative response of the virgin FRP, and is given in Fig.7 . As well, the standard deviation of the stress values from their average at a given time is computed, and twice the standard deviation is taken as the length of the error bar for the stress; an identical procedure is adopted from the strain. The stressstrain curves from the multiple tests corresponding to the Conditions 2-5 are given in Figs.A1-A4 respectively, and the procedure used for Condition 1 is repeated to obtain the representative FRP responses for Conditions 2-5. Note that the spread in the stress-strain curves in Fig.5 (as also in Figs.A1-A4) is significantly higher than that due to the experimental errors in the current strain measurement technique (see end of last section). This spread could be due to the fact that thin specimens may not capture the true composite response. We propose to quantify this effect in a future project on thicker specimens.
The representative stress-strain curves of the FRP under Conditions 1-3 are given in Fig.8 . The stress-strain curves of the exposed FRPs are significantly softer than that of the virgin FRP . As well, this strength reduction is non-monotonic with exposure time. Thus, exposure for 7 days actually results in a stronger FRP than the FRP exposed only for 3 days. The representative stress-strain curves of the FRP under conditions 1 , 4 and 5 are given in Fig.8 , and a significant (but not total) strength recovery of the FRPs on drying after fuel exposure is obvious. To put the data of Figs.8 and 9 in an overall perspective, we have plotted the stress at a total strain of 1.5 % for each of the conditions 1-5 ; this is done in Fig.10 . The lower and upper curves correspond to the stress of the exposed FRPs, and the exposed and dried FRPs respectively. Based on the obtained values, the strength loss on 3-day exposure is 92 %. Most of the loss is recovered on drying the sample for 3 days, resulting in a net loss of 19.7 %. As well, the exposed specimens become significantly more plasticised as compared to the virgin specimens, as evidenced by the high strain values at which the former fail as opposed to the latter. These results point to the possibility that there could be a significant loss in strength and increased plasticity of the FRPs as long as they are exposed to the alcohol-based fuels, and the design process should account for this loss, regardless of the fact that the strength can be mostly recovered on drying the FRPs.
Another outcome of the experiments that is of some importance is that the stress for the 7-day exposed samples is noticeably higher than that of the 3-day exposed samples (see lower curve of Fig.10) . A similar effect on the flexural modulus was found by Kamody et al. [5] , and the possible reasons they cited were continuous curing and experimental errors. In our view, there are two possible reasons for the difference in the stresses of the 3-day and 7-day exposed samples that we see in Fig.10 . These are (i) continuous curing, which can be avoided if the samples are post-cured [14] , (ii) the effect of loading rate. The identical crosshead displacement rate of 0.02 in/min used for all the tests may in fact cause a stiffer response due to rate dependence in the 7day specimens with a higher saturation than 3day specimens with a lower saturation, resulting in a higher stress for the former as opposed to the latter. While the same qualitative feature may be observed for exposed and dried samples (see upper curve of Fig.10 ), the effect is expectedly not as pronounced. 
CONCLUSIONS AND FUTURE WORK
This paper has reported a simple experimental technique developed to measure strains in fibrereinforced plastic (FRP) micro-specimens. Using this technique, effects of exposure on tensile properties of fibre-reinforced plastic (FRP) tensile micro-specimens (nominal thickness: 254 mm) to a 50-50 volumetric mixture of methanol and ASTM Fuel C under ambient conditions (20 0 C) were studied. We have found that the specimens exposed to the fuel for 3 day and 7 day periods become significantly weaker in their tensile response compared to the response of virgin (or unexposed specimens). However, on drying the exposed specimens for an identical period of time leads to a significant recovery. These results point to the possibility that FRPbased structures exposed to alcohol-based fuels (e.g. underground fuel storage tanks) may need to account for property changes of the FRP during service, regardless of the fact that the changes can be significantly recovered when the FRP is dried for an appropriate period of time. In the future, we plan to extend this preliminary work to a wider study where the influence of other parameters -specimen thickness (yielding information on the representative composite response), type of alcohol, alcohol/fuel ratio, pressure and temperature -on the FRP tensile response is studied. Fig. A4 : Individual stress-strain curves of ten micro-specimens after 7 day exposure to fuel mixture and then drying for 7 days. Each micro-specimen was tested to failure.
Fig. A3
: Individual stress-strain curves of twelve micro-specimens after 7 day exposure to fuel mixture. Each microspecimen was tested to failure.
Thv TrÃHQh Fig. A2 : Individual stress-strain curves of seven micro-specimens after 3 day exposure to fuel mixture and then drying for 3 days. Each micro-specimen was tested to failure.
